ABSTRACT: Direct and maternal genetic and environmental variances and covariances were estimated for weaning weight and growth and maturing traits derived from the Brody growth curve. Data consisted of field records of weight measurements of 3,044 Angus cows and 29,943 weaning weight records of both sexes. Growth traits included weights and growth rates at 365 and 550 d, respectively. Maturing traits included the age of animals when they reached 65% of mature weight, relative growth rates, and degrees of maturity at 365 and 550 d. Variance and covariance components were estimated by REML from a set of two-trait animal models including weaning weight paired with a growth or maturing trait. Weaning and cow contemporary groups were defined as fixed effects. Random effects for weaning weight included direct genetic, maternal genetic, and permanent environmental effects. For growth and maturing traits, a random direct genetic effect was included in the model. Direct heritability
Introduction
Growth traits such as birth, weaning, and yearling weights are recorded and routinely analyzed in genetic evaluations by beef cattle associations (e.g., AHA, 1998; AAA, 1999) . In addition, some important traits, such as relative and absolute growth rates, maturing rate, and mature size can be derived by using growth functions. Functions first described by Brody (1945) and Richards (1959) have been used to model growth in cattle. For example, Beltran et al. (1992) reported that 1436 estimates for growth traits ranged from .46 to .52 and for maturing traits from .31 to .34. Direct genetic correlations between weaning weight and weights and growth rates at 365 and 550 d ranged from .56 to .70. Correlations of maternal weaning genetic effects with direct genetic effects on weights at 365 and 550 d were positive, but those with growth rates were negative. Between weaning weight and degrees of maturity at both 365 and 550 d, direct genetic correlation estimates were .55 and maternal genetic correlations estimates were −.05, respectively. Direct genetic correlations of weaning weight with relative growth rates and age at 65% of mature weight ranged from .04 to .06, and maternal-direct genetic correlation estimates ranged from −.50 to −.56, respectively. These estimates indicate that higher genetic capacity for milk production was related to higher body mass and degrees of maturity between 365 and 550 d of age but was negatively related to absolute and relative growth rates in that life stage. Brody's model gave adequate predictions of weights from 18 mo to maturity, but early weights were slightly overestimated.
Recent research indicates both early growth rate estimates and mature weight are important in multipletrait selection programs for profit (MacNeil and Newman, 1994) . Most beef genetic evaluations provide predictions for only point estimates of birth, weaning, and yearling weights. However, a more comprehensive description of individual animal growth can be estimated using these weights and others measured later in life. Before moving to such additional evaluations, genetic and environmental parameters must be estimated. Therefore, the objectives of this study were to determine 1) genetic and environmental parameters for postweaning weights, gains, and maturing rates and 2) genetic relationships of those traits with direct and maternal components of weaning weight. Kaps et al. (1999) previously described data and edits used for this study. Field records used for this study Weaning weight  29,943  29,943  4,004  21,833  67,391  1,387  150  Growth traits  3,044  30,089  743  2,646  9,169  656  150 were provided by the American Angus Association and consisted of weights from 3,044 Angus cows born between 1976 and 1990. Weights of animals were recorded at birth, weaning, and yearling and after that at least once per year. Mature cow weights were recorded at weaning of their calves. Only cows with at least seven weight records (including birth, weaning, and yearling weights) and with at least one of the measurements taken at the 60th mo of age or later were used in the analysis. Birth weight was adjusted for age of dam (BIF, 1990) . For predicted growth and maturing traits, cow contemporary groups were defined as weaning herd of cow, birth year of cow, birth season of cow, creep or no creep for preweaning phase of cow, weaning weigh date of cow, yearling weigh date of cow, yearling herd of cow (if different from weaning herd), and herd of the mature cow (if different from yearling herd). Weaning and yearling weigh dates define animals reared in the same management group within herds. Single cow contemporary groups were excluded from the analysis. The data structure is presented in Table 1 . In order to analyze genetic relationships of weaning weight with growth and maturing traits, and also in an attempt to account for culling, each growth and maturing trait was considered simultaneously with weaning weight in a set of two-trait models. For weaning weight, useful records were available from a larger sample of animals (n = 29,943). This sample included cows outlined before and all animals in the weaning contemporary groups of those cows. Further, half-sibs of those cows and weaning contemporary groups of half-sibs were identified, and animals in those contemporary groups were considered for the analysis. However, only animals from a random 10% of those contemporary groups were included in the analysis due to limited computer memory.
Materials and Methods
With the additional animals included for weaning weight, birth year ranged from 1972 to 1995. Weaning weights were preadjusted for age of dam effects and to a constant age of 205 d (BIF, 1990) . Weaning contemporary groups were formed by defining herd at weaning, year and season of birth, weaning weigh date, creep or no creep during the preweaning phase, and sex of the calf. The data structure for weaning weight records is presented in Table 1 . Relationships among animals were calculated using parents and grandparents of animals with weaning weight records. Thus, a total of 67,391 animals were included in the analyses.
Brody Growth Curve
Growth and maturing traits were predicted from the Brody growth curve (Brody, 1945) as formulated by Doren et al. (1989) :
where Wt [t] is weight at given time t in months, Wt 0 is the observed birth weight, A is a curve parameter that predicts asymptotic weight (mature weight), e is the base of natural logarithm, and k is a curve parameter representing the ratio of maximum growth rate to mature size, referred to as maturing rate index. Maturing rate index is related to the postnatal rate of maturing and serves both as a measure of growth rate and of rate of change in growth rate. In the present study, growth curves were fit individually to the set of weight measures for each mature cow. Only those cows that had at least one record at age 60 mo or older were included. The intercept of the curve was equal to the actual birth weight of an animal adjusted for age of dam (BIF, 1990) . If birth weight of a cow was not known, then the mean (32 kg) was used.
The Brody and Richards growth functions have often been used to describe cattle growth. These models are preferred to other nonlinear models because of their goodness of fit (Kersey DeNise and Brinks, 1985; Doren et al., 1989) . Beltran et al. (1992) reported that the Brody function gave better predictions of weights from 18 mo to maturity than did the Richards function, but usually early weights were slightly overestimated. In the present study the Brody function was chosen due to its ability to accommodate missing growth points while easily converging. The Brody curve was fit to the weight data of each cow, using the Secant method (Ralston and Jennrich, 1978) through the NLIN procedure of SAS (1989) . The relative convergence criterion was as follows:
where SSE is the residual sum of squares and i denotes the round of iteration.
Individual curves and their first derivatives were used to compute the following growth traits: maturing rate index (curve parameter k), predicted weight in kilograms at 365 and 550 d of age, growth rates in grams per day at 365 and 550 d of age (slopes of the curve at those ages), degrees of maturity at 365 and 550 d of age, relative growth rates at 365 and 550 d of age measured in gramsؒday
, and age in months when an animal reached 65% of mature weight.
The growth rate function (GR[t]) was equal to the first derivative of the Brody function:
Here, growth rate (g/d) at a particular time point describes gain in weight, which depends not only on previous weight points but also on curve points in later stages of growth. Degree of maturity (DgrMat[t]) was defined as follows:
Degree of maturity is a measure of dynamic growth relative to mature weight. Relative growth rate (RGR[t]) was defined as:
Relative growth rate is a measure of growth rate relative to weight at particular age. Age when an animal reaches 65% of mature weight (Age65%) was calculated from the following equation:
, e, A, and k were defined previously, and d and ln denote the differential and natural logarithm, respectively.
Animal Models
Variance and covariance components were estimated using REML for animal models of the following general form:
where y is a vector of observations, β is a vector of fixed effects, a is a random vector of additive genetic effects, m is a random vector of maternal genetic effects, c is a random vector of permanent environmental effects, X, Z a , and Z m and Z c are incidence matrices relating β, a, m, and c to y, and e is a random vector of error effects.
The model has the following distributional assumptions:
where Σ a is the additive genetic covariance matrix, Σ m is the maternal genetic covariance matrix; Σ am is the direct-maternal covariance matrix, Σ c is the permanent environmental covariance matrix, and Σ e is the error covariance matrix. Vectors c and e were assumed to be uncorrelated with all other effects (i.e., all remaining covariances were assumed to be zero). Also, A is the additive genetic relationship matrix, I is an identity matrix, and ⊗ stands for the direct product operator. A set of two-trait animal models were used to estimate (co)variances and heritabilities for growth or maturing traits and their correlations with weaning weight. Fixed effects were defined as weaning and cow contemporary groups for weaning and growth or maturing traits, respectively. For both traits in the model a direct genetic effect was considered; maternal genetic and permanent environmental effects were considered only for weaning weight.
Calculations were carried out using the Multiple Trait Derivative Free Restricted Maximum Likelihood program (MTDFREML; Boldman et al., 1993) , a set of programs employing the simplex procedure to locate the maximum of the log likelihood (logL). Convergence was considered to have been reached when the variance of function values (−2 logL) in the simplex was less than 10 −9
. Several steps were performed to ensure convergence of logL to a global maximum. First, the single-trait models were run several times, restarting the program with initial values from the previous run. Next, for the two-trait models, estimates of the effect obtained in the single-trait models were used as initial values and were held constant. This resulted in estimates of covariances between weaning weight and mature weight. Finally, the estimates obtained in previous steps were used as initial values for a new start, allowing all variances and covariances in the model to vary freely during iterations. When the −2 logL and estimates were similar in successive analyses it was concluded that convergence reached the global maximum.
Results and Discussion
Descriptive statistics of traits derived from the Brody growth curves are reported in Table 2 . In Table 3 , pooled estimates of genetic and environmental parameters for weaning weight are reported. Variance and covariance estimates for weaning weight were consistent across the models. Estimates of heritability for weaning weight in the present study were within the expected range for Angus cattle, although weaning weight heritabilities reported in the literature are very diverse, ranging between .20 and .66. Koots et al. (1994a) Estimates of maternal heritability for weaning weight in the present study were similar to those reported in the literature. Koots et al. (1994a) reported an average estimate for maternal weaning weight of .20 for the Angus breed.
For Angus in Australia, Meyer (1992) reported estimates of direct heritability and maternal heritability for weaning weight to be .19 and .04, respectively. Some other reports from Australia have also shown lower heritability for weaning weight than American sources (Meyer, 1994) . Trus and Wilton (1988) reported parameter estimates for beef cattle in Canada using a sirematernal grandsire model for preweaning gain. They reported heritability estimates for direct genetic effects of .37 and .39 and for maternal additive effects of .21 and .27 for Angus and Hereford cattle, respectively. Present estimates of the genetic correlation between direct and maternal effects for weaning weight (−.51) were higher than those reported by Koots et al. (1994b) , who reported unweighted and weighted direct-maternal genetic correlations of −.30 and −.16, respectively. Johnson et al. (1992) reported an estimate of −.36 for this direct-maternal genetic correlation in Angus cattle. Meyer (1993) and Swalve (1993) compared results from different studies of direct-maternal genetic correlations for weaning weight in beef cattle and argued that a less than sufficient environment may impose a negative correlation. Koch (1972) suggested that excess milk production by the dam can impede future milk production by her daughters, also resulting in a negative dam-offspring correlation. He suggested that high weaning weights impede milking potential of the developing animal. Meyer (1997) suggested that inflated estimates of direct-maternal correlations for weaning weight might be caused to some extent by unaccounted sources of variation. She showed in Hereford cattle that inclusion of the regression on maternal phenotype for weaning weight in the animal model could explain that part of the direct-maternal covariance is environmental. However, for Angus field data from both Australia and New Zealand, inclusion of maternal regression had little effect on estimates of genetic direct-maternal effects, showing that most of direct-maternal covariance was genetic. Robinson (1996b) , using simulated data, showed that direct-maternal correlation may be negative not only because of genetic antagonism, but also because of additional sire or sire × environment variation or negative dam-offspring covariances. However, using Angus field data from Australia, Robinson (1996a) reported that the negative dam-offspring covariance was not important and most of the direct-maternal covariance was genetic.
Estimates of variance components and heritabilities for growth and maturity traits are presented in Table  4 . Use of multivariate models for genetic evaluation has been proposed to account for bias arising from selection (Henderson, 1973; Pollak and Quaas, 1981) . Two-trait animal models with weaning weight included were used in this study. Univariate analyses assume missing weights are random, whereas multivariate analyses account for culling by using genetic and environmental correlations between an earlier measurement and subsequent missing weights (Meyer, 1994) .
Heritability estimates for predicted weights and growth rates in the present study ranged from .46 to .52. Koots et al. (1994a) reported an average heritability across cattle breeds for direct genetic and maternal genetic effects on yearling weight of .35 and .11, respectively. For Angus cattle they reported heritabilities of .22 and .29 for yearling gain and relative growth rate, respectively. For yearling gain in Angus cattle, Alenda and Martin (1987) reported a heritability of .27. Thrift et al. (1981) found estimates of .47 and .32 for yearling weight and yearling gain. Northcutt and Wilson (1993) reported a heritability estimate of .88 in Angus cattle for 365-d weight. Here they also presumed that the high heritability was the result of sampling and incomplete contemporary group definition. Nú ñ ez-Dominguez et al. (1993) reported a heritability of .56 for 365-d weight in Angus-sired calves, and Winder et al. (1990) reported a heritability of .40 for Red Angus. Bennett and Gregory (1996) reported a heritability estimate of .42 for 368-d weight. In that study, heritabilities were estimated from nine pure breeds (including Angus) and three composites. In their study, with increased weight, residual variances for postweaning gain were also increased. The estimates from Australia were generally lower than those from the United States. For Angus in Australia, Meyer (1992) reported direct and maternal estimates of heritability for yearling weight of .33 and .04, respectively.
In the present study, estimates of heritability for maturing traits (i.e., for curve parameter k, degrees of maturity, relative growth rates, and age to reach 65% of mature weight) were similar. They ranged from .31 to .34. For curve parameter k, Kersey DeNise and Brinks (1985) reported a heritability estimate of .20 for some Hereford lines and crossbreeds. Jenkins et al. (1991) , studying between-and within-breed variation of 16 breeds, reported a within-breed heritability of .27. Covariances and genetic and environmental correlations of predicted growth traits with weaning weight are presented in Table 5 . As expected, estimates of direct genetic correlations of weaning weight with other weight and growth rate traits were high, ranging from .56 to .70. It is well known that correlations among different measures of size for individuals at the same or different ages tend to be quite high (Brinks et al., 1964; Taylor and Craig, 1965; Brown et al., 1972) . Koots et al. (1994b) reported unweighted and weighted average direct genetic correlations between weaning and yearling weight of .78 and .75, respectively.
Correlations of maternal genetic weaning weight with direct genetic weights at 365 and 550 d in the present study were positive, but those with growth rates were negative. For Angus experimental data in Australia, Meyer (1994) reported estimates of correlations between weaning weight and yearling weight of .14, .95, and .60 for maternal-direct genetic, direct-direct genetic, and environmental correlations, respectively.
In the present study, direct genetic correlations for weaning weight with degrees of maturity, relative growth rates, and age at 65% of mature weight were small and assumed to be unimportant. Maternal-direct genetic correlation estimates between weaning weight and degrees of maturity at 365 and 550 d were both .55. Genetic correlations for maternal weaning weight with 65% of mature weight and relative growth rates ranged from −.50 to −.56. High degrees of maturity reflect low relative growth rates and age when animals reach 65% of mature weight.
The present results imply that maternal genetics influence maturing rate. Recent studies also confirm that maternal ability can influence rate of maturation. Pitchford et al. (1993) , working with cattle, showed that improved maternal environment (due to maternal het- Estimates from Kaps et al. (1999) .
erosis in that case) acted to increase the maturation rate. Meyer (1995) also reported significant positive maternal effects on the maturation rate in Herefords. Archer et al. (1998) argued that it was possible that the improved maternal ability increased rate of maturation, whereas the direct genetic effect might have decreased rate of maturation, with no resultant change in phenotypic rate of maturation. Although their study did not show evidence for that due to the limited number of animals available, the results from the present study agree with their assumptions, at least for direct and maternal weaning weight effects. Archer et al. (1998) also showed that, after scaling to remove differences in mature weight, their high growth line (yearling gain) had higher rates of maturation than their low growth line. They demonstrated that selection for yearling gain did not only change the scale of the growth curve, but also changed the shape of the curve. The present study results suggest that selection for yearling gain can indirectly improve maternal ability, which can influence increasing of maturing rates.
As mentioned before, relative growth rates, degrees of maturity, and age when an animal reaches 65% of mature weight have heritabilities around .3, meaning they can be altered by selection. Because those traits are ratios of other traits, selection only for the ratio traits could lead to unpredictable and undesirable responses in the denominator and numerator traits. For example, changing only degree of maturity or maturing rate index could lead to smaller mature weight and lower daily gain. Aggregate information about weights, growth rates, and maturity rates at different ages should be viewed as valuable information to beef cattle breeding programs, particularly when multiple-trait selection is applied.
Implications
To date, beef breed genetic evaluations are performed only for points along the growth curve. Those data could be used also to evaluate animals for developmental and maturing patterns. Growth and maturing traits derived from a growth curve and their relationships with direct and maternal weaning weight could be considered as additional information for use in genetic evaluation programs.
